T he concept of the prediction of human dental caries risk has existed for many years. Particularly during the past 10 to 15 years, there has been a surge of interest in this issue (for review, see Bader, 1989; Beck, 1990; Krasse, 1985 Krasse, , 1988 Krasse, , 1990 Newbrun, 1989; Tanzer, 1990 ). This appears to reflect recent advances in our knowledge of the etiology of dental caries, the potential promise of certain risk factors or combinations thereof for caries prediction, the continuous desire to prevent rather than to treat dental caries, and the increasing need for cost containment, e.g., the identification of high-caries-risk individuals.
The assessment of caries risk may involve predictors such as specific causally-related risk factors (Beck, 1990) ; it may also involve predictors which are associated with caries but not causally related to it (risk indicators, Beck, 1990 ), e.g., yeast counts (Pienihakkinen, 1987 (Pienihakkinen, ,1988 Russell et al., 1990 Russell et al., , 1991 . Caries-risk predictors may be found among the microbiota (dental plaque), the diet (carbohydrates), and the host (teeth), all three of which are indispensable for caries development (Keyes and Jordan, 1963) . Saliva may be added in view of its potentially powerful influence on the caries process. Quantity of plaque and composition of the microbiota of plaque in vivo are highly variable, as are diet (composition, quantity, frequency of consumption), caries "resistance" of the teeth (e.g., fluoride exposure), and salivary factors. Moreover, many factors are interactive; for example, salivary flow rate as well as dietary carbohydrate intake can affect the plaque levels of mutans streptococci (Brown et al., 1976; de Stoppelaar et al., 1970) . The existence of multiple caries-etiologic factors as well as their variability and dynamic interaction do not, a priori, bode well for the development of a caries-predictive test which is based on a single parameter.
Apropos microbially-related caries-risk predictors, by far the most attention has been paid to the lactobacilli (L) and, during the past 15 years, the mutans streptococci (MS) in plaque and, particularly, saliva. At present, the bestknown test is still the Snyder test, which is a colorimetric test for the indirect determination of the counts of L in saliva. Over the years, tests involving other predictors have also been proposed. These include, for example: Wach's test, the determination of pH and titratable acidity in a saliva-glucose mixture (Wach et al., 1943) ; Rickles' test, involving the evaluation of acid production in a salivasucrose mixture with indicators (Rickles, 1953) ; a test involving the application of an indicator to the teeth to demonstrate acid production to "dangerous levels" (Hardwick, 1960) ; the Treatex test, involving the evaluation of reduction activity of salivary bacteria (Rapp, 1962) ; and a test involving amylase activity in saliva (Florestano et al., 1941) . These and other tests have all been considered unsatisfactory (for review, see Bowen, 1969; Newbrun, 1989; Snyder, 1951; Socransky, 1968; Stolpe, 1970 
ASSOCIATION OF L, MS, AND OTHER ORGANISMS WITH CARIES
L and MS both exhibit putative cariogenic traits, such as a high potential for acidogenesis and acid tolerance; they also exhibit cariogenic potential in animals (for review, see Loesche, 1986 , andvanHoute, 1980 ; see also Fitzgerald ef aL, 1981) . Primary interest in the L and the MS as caries-risk predictors stems, however, from the fact that caries-conducive conditions on coronal as well as root surfaces in humans are associated with elevated levels of these organisms in saliva and/or in plaque (for review, see Bowden, 1990; Loesche, 1986 , Tanzer, 1989 , van Houte, 1980 ; see also van Houte et aL, 1990) . The available data indicate the significant fact that L and MS are not exclusively associated with incipient ("white spot") or cavitated coronal or root-surface lesions. The broad picture which has emerged is the following: The prevalence and plaque proportions of L are often negligible in caries-free subjects but more elevated in caries-positive subjects (for review, see Bowden, 1990; Loesche, 1986; Tanzer, 1989; van Houte, 1980) ; this is reflected in the levels of L in saliva. However, even in caries-positive subjects with high caries activity, plaques on many sound surfaces or on surfaces developing incipient decay contain only low or negligible proportions of L (Boyar et aL, 1989; Duchin and van Houte, 1978b; Hemmens et aL, 1946; Ikeda et aL, 1973; Loesche et aL, 1984; Marsh etaL, 1989; van Houte etaL, 1981) . Various studies also indicate that L inhabit cavitated lesions. Early studies, including those evaluating the effect of the filling of cavities on the oral L levels, have suggested that such lesions may constitute a major or, perhaps, the principal habitat of L on the teeth (Mundorff et aL, 1990 ; for review, see van Houte et aL, 1972) . It seems likely, however, that the relative importance of this habitat differs between subjects (see also, Crossner and Hagberg, 1977) . In contrast to the L, MS-which, in many countries, are predominantly Streptococcus mutans and Streptococcus sobrinus (for review, see Hamada and Slade, 1980 )-exhibit a much higher prevalence and higher plaque proportions on coronal or root surfaces of caries-free and caries-positive subjects (for review, see Bowden, 1990; Loesche, 1986; van Houte, 1980) . Many studies have also indicated that the prevalence and proportions of MS in plaque are positively correlated with caries activity, although no or only a weak correlation has also been observed {e.g., Carlsson et aL, 1987; Carlsson, 1989; Mikkelsen and Poulsen, 1976) . Thus, plaques associated with incipient caries in caries-positive subjects usually contain high levels of MS, whereas plaques associated with tooth surfaces which are and remain sound, whether in caries-positive or caries-free subjects, contain usually much lower levels of MS. Cavitated coronal or root-surface lesions often also contain high levels of MS.
Until recently, numerous studies have failed to demonstrate a clear positive association with human caries for plaque organisms other than the L and MS. Conflicting reports exist for the Veillonella (for review, van Houte, 1980) . On the other hand, two reports (Handelman et aL, 1968; Griffiths, 1979) have suggested an increase of "acidogenic" organisms as a proportion of the total plaque microbiota with a higher caries index. Very recent studies have also indicated a positive association with caries for another group of plaque organisms, i.e., streptococci other than the MS which are capable of acidogenesis at low pH (as indicated by their low final pH in sugar broth) (Sansone et aL, 1993) . These streptococci may include Streptococcus gordonii, Streptococcus oralis, Streptococcus mitis, and Streptococcus anginosus (van Houte, unpublished) , according to a recent taxonomic redefinition of the streptococci (Kilian et aL, 1989) . It should be noted that past studies of the association between plaque organisms and caries have involved often poorly-defined groups of bacteria such as the lactobacilli, the actinomyces, "Streptococcus sanguis", or "S. mitis" rather than clearly-defined individual species (for review, see Bowden, 1990; Loesche, 1986; van Houte, 1980) . It can be expected that more meaningful associations may be found in the future by the establishment of a clearer taxonomic status of the organisms in these groups and by the development of rapid methods for their specific enumeration in plaque (see also Beighton, 1988) .
DIETARY CARBOHYDRATE CONSUMPTION AND THE ORAL LEVELS OF L AND MS
Strong evidence indicates that the association of L and MS with caries development is linked directly to carbohydrate consumption which, in turn, is one of the indispensable factors in caries development. Many studies indicate that the levels of L and MS in plaque or saliva are very sensitive to dietary carbohydrate (for review, see van Houte, 1980) . Confidence in this linkage is derived particularly from early studies involving extremes in oral exposure to dietary carbohydrate, such as a very low level of exposure during stomach-tube-feeding of animals or humans, or a very high level of exposure of children with "nursing bottle caries" (van Houte et aL, 1982) ; less extreme changes in dietary carbohydrate intake, even during periods of only a few months, can also cause significant changes in the levels of L or MS (Becks et aL, 1944; Hadley, 1933; Jay, 1936 Jay, , 1940 Jay, , 1947 Kristoffersson and Birkhed, 1987; Minah etaL, 1985; Staat etaL, 1975; Wikner, 1986) . Further evidence suggests that the linkage between the oral levels of L and MS and dietary carbohydrate consumption is associated with the pronounced acid tolerance of L and MS, which is higher than that of many other plaque organisms (for review, see van Houte and Russo, 1986; Bradshaw et aL, 1989) . Accordingly, a scenario may be proposed in which an increased caries-conducive carbohydrate intake can lead to the selective emergence of L and MS in plaque due to the increased frequency of a high plaque acidity which provides these organisms with a growth advantage over other less-acidtolerant plaque organisms (van Houte, 1980) ; this process would reverse itself during a decreased carbohydrate intake. The selective emergence of L and MS in plaque would also be conducive to a higher probability of their spread to hithertouninfected nearby tooth surface areas; in the case of MS and an increased intake of sucrose specifically, this process could be augmented by a more effective initial attachment of MS cells to the tooth surface (for review, see van Houte, 1993) . Increased levels of L and MS in plaque may lead to incipient caries lesion formation in the most caries-prone dentition sites, whereas the
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89 subsequent development of cavities may provide another suitable milieu (prolonged acidic pH) for the MS and perhaps the most favorable intra-oral habitat for the L. Collectively, the above suggests the potential use of L and MS not only as cariesrisk indicators but also as indicators of another caries-risk factor, the frequent consumption of carbohydrates.
L AND MS AS CARIES-RISK PREDICTORS
The issue of the suitability of counts of L and MS for the assessment of caries risk is a complex one. Different standards apply, for example, for the accurate prediction of the caries increment for caries-free children on an individual basis than for the identification of high-caries-risk groups for the purpose of instituting preventive measures. A considerable data base is now available. This base consists of a variety of cross-sectional and longitudinal studies. Their interpretation for the above purposes is difficult, because they involve different subject populations (age, caries experience, etc.), different methods for caries evaluation, different types of samples (plaque, saliva) and sampling methods, different methods for bacterial enumeration, and so on.
The above-noted presence of L and MS in plaque on sound as well as carious tooth surface areas and the frequent absence of L, particularly, in plaques associated with incipient lesions suggest a priori a limitation of their usefulness as caries-risk predictors. For the earlier-studied L, this has been documented by a variety of longitudinal studies involving either conventional laboratory procedures for the enumeration of these organisms in plaque or saliva or the Snyder test. The latter measures the time required for the L in the saliva test sample, used to inoculate a suitable culture medium with a pH indicator, to produce a degree of acidity which causes a particular color change of the indicator; this time is proportional to the initial number of L in the test sample (Snyder, 1940) . Collectively, these studies have demonstrated that L counts are positively correlated with caries activity. However, subjects with negligible counts of several hundred colony-forming units (CFU) or fewer per mL of saliva may develop caries, whereas subjects with high counts (10 5 CFU per mL) may not (Becks et al, 1944; Davies et al, 1959; Jay, 1936; Krasse, 1954; Snyder, 1951; Snyder etal, 1963) . It would appear, therefore, that the reliable prediction of caries risk by means of L counts for individuals is not possible if the acceptable correlation coefficient is taken to be in the range of 0.9 to 1.0 (Socransky, 1968) . On the other hand, Sims (1970) stresses that the real value of the Snyder test or conventional lactobacillus count is in determining caries inactivity (see also Crossner and Unell, 1986) . He maintains that a negative test (counts of several hundred CFU or fewer), when the test is applied correctly under proper conditions, is an unequivocal indicator of caries inactivity.
The Table shows the results from a number of studies which have been selected for further discussion of the value of counts of L and MS and a variety of factors which may affect the study results. In contrast to most other published studies, those in the Table provide data on sensitivity, specificity, and predictive values (for definition of these terms, see, for example, Krasse, 1988) . Some of the studies in the Table provide detailed data on the correlation between increasing levels of L or MS and caries incidence (e.g., Alaluusua et al, 1990; Crossner, 1981; Kingman etal, 1988; Newbrun etal, 1984) . These studies as well as many others (for review, see Krasse, 1988 Krasse, , 1990 confirm the overall positive association between counts of L or MS and caries activity while also documenting the occurrence of subjects with zero caries incidence and high counts as well as subjects with high caries incidence and low counts. The prediction of a particular level of future caries risk on the basis of different levels of the indicator organisms alone appears difficult. In most of the studies shown in the Table, the validation level was selected so as to enable evaluation of predictions for a high-caries-risk group. This group comprised less than 10% (Newbrun et al, 1984) or about 25% of the subjects (Alaluusua et al, 1990; Wilson and Ashley, 1989) , and was composed of subjects with a caries incidence above the mean (Crossner, 1981; Russell et al., 1991) or considerably above the mean (Kingman et al., 1988; Klock et al, 1989; Stecksen-Blicks, 1985) . With few exceptions, positive predictive values for the chosen L or MS levels were below 60%; negative predictive values were generally considerably higher.
Overall, the data in the Table indicate that the prediction of high caries risk in children, including the very young and adolescents, on the basis of a single microbial factor is problematic, whereas the prediction of low caries risk is more reliable. A few of the studies in the Table provide data (not shown) which allow single L or MS counts to be specifically compared with L + MS counts. In the study by Alaluusua et al (1990) , the L + MS counts yielded comparable figures for sensitivity, specificity, and positive and negative predictive values; in the study by Schroder and Edwardsson (1987) , the only cross-sectional study in the Table, such figures were very high and overall somewhat higher than for single L or MS counts. Such an improvement was also noted by StecksenBlicks (1985) and Swenson et al. (1976) .
Many of the authors of the studies in the Table comment on the low caries increments observed in their test populations. A very low caries experience may affect the positive predictive value adversely (Beck, 1990) . The low-positive and highnegative predictive values in the Table may thus be, in part, a reflection of the recent decreasing caries experience in many human populations (see also Klock et al, 1989) . It is possible that in some of the studies a different choice of screening or validation criteria might have given more favorable values of sensitivity and specificity. The study by Kingman et al (1988) shows, however, that the selection of a lower screening criterion permits identification of more true positives (higher sensitivity), but, due to the low caries prevalence and the occurrence of more false positives, this is not reflected in an increased positive predictive value (see also Beck, 1990) . Such selection would also increase the size of the "high-risk" group, which may defeat a priori the purpose for the identification of such subjects.
Many factors other than caries prevalence may also have influenced the test results and contributed to the wide variation of the predictive values among the studies in the subjects with various ages may have different proportions of newly-erupted teeth which are more prone to caries than longer-erupted teeth (Carlos and Gittelsohn, 1965) . Caries evaluation has many pitfalls. For some of the studies in the Table, it is unclear whether incipient lesions were included in the caries evaluation, while in some studies they were actually excluded. As discussed by others (Tanzer, 1990) , such lesions (if properly diagnosed, which is difficult) may be a better indicator of caries activity at the time of study than cavities which take a longer time to develop. On the other hand, inclusion of such lesions may detract from the significance of L counts, since, as mentioned earlier, the counts of L are so often low or negligible in plaques associated with incipient lesions. Such counts would then be more meaningful as an indicator of the level of carbohydrate consumption (Krasse, 1985) .
As shown in the Table, the methods used vary considerably. Generally, methods can be a major source of error. For example, the use of saliva has been questioned because it contains bacteria derived not only from the teeth but from other, mucosal, surfaces as well. The concentrations of MS in saliva may also vary considerably, due to toothbrushing or methodological errors (Togelius et aL, 1984) ; preferably, saliva should be sampled at the same time of the day. Saliva sampled by the chewing of paraffin or rinsing may not dislodge bacteria from caries-prone stagnation sites as effectively as that sampled from other dentition sites (Steinle et aL, 1967) . Saliva sampling also does not disclose whether the levels of L and MS reflect a few densely-populated dentition sites or many sparsely-populated sites, whether they reflect cells in sound or carious tooth surface areas, or where the L and MS are localized in the dentition (see also Krasse, 1988 Krasse, ,1990 Tanzer, 1990) . The use of saliva reflects a compromise with respect to test validity, reliability, and feasibility. Studies have shown a good positive correlation between the concentrations of MS in saliva and the prevalence of MS on different tooth surfaces (Duchin and van Houte, 1978a; Keene et aL, 1981 , Keene, 1986 Lindquist et aL, 1989b; Togelius et aL, 1984) , but this fact does not exclude the possibility that caries may develop on one or a few MS-infected sites, while saliva samples indicate a very low MS level. Pooling of different samples of plaque from different tooth surfaces (Swenson et aL, 1976;  Table) would have some of the same drawbacks as those for saliva. Instead of saliva or pooled plaque samples, plaque samples from specific dentition sites could be used to identify at-risk 92 VAN HOUTE ADV DENT RES AUGUST 1993 subjects, and, as done for certain suspected periodontal pathogens, bacterial enumeration could involve genetic probes. One disadvantage of this approach would be its labor-intensive and costly nature, because many more samples need to be evaluated. Also, even with precise knowledge of the cariesattack rates for different teeth on tooth surfaces as a guide, meaningful sampling is not guaranteed, due to the highlylocalized nature of L and MS in plaque in certain tooth surface areas (Duchin and van Houte, 1978b) . Further, common cariespreventive measures-such as good oral hygiene, diet therapy, fluoride therapy, or the use of specific anti-bacterial agentsinvolve the whole dentition rather than individual tooth surface areas. Generally, this obviates the need for precise information about the location of L and MS within the dentition for cariespreventive measures. In certain circumstances, it may be desirable to know the caries risk of specific teeth (or tooth surfaces) (£.g.,abutmentteethforextensivedental restoration). However, information about the relationship between the levels of L and MS in plaque and the caries risk of the underlying sound tooth surface area is relatively sparse and nonrevealing (Bowden^a/., 1976; Kristoffersson^^/., 1985, Table; Loesche etal, 1984) .
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The results of nearly all the longitudinal studies in the Table are based on a saliva sampling frequency of one or less per year. In view of the earlier-mentioned short-term variation in the sample concentrations of MS, the possibility of shortterm changes in dietary habits, or other factors, an increased sampling frequency is desirable. Some studies actually suggest that more frequent sampling may improve caries-risk prediction {e.g., Pienihakkinen, 1988) , whereas others do not {e.g., Crossner, 1981) . Another controversial issue is the medium of choice for bacterial enumeration. This problem pertains particularly to the MS counts, for which a selective medium, Mitis salivarius agar supplemented with sucrose and bacitracin (MSB), is generally used. As discussed recently (Tanzer, 1990) , MSB-agar may underestimate the MS counts, and in some subjects dramatically (Tanzer et al., 1984) . However, studies with other selective media for MS in several laboratories have not demonstrated a clear inferiority of MSB agar (Beighton, 1988; Svanberg and Krasse, 1990) . So far, this issue has remained unresolved. Finally, the older, more conventional, laboratory procedures are increasingly replaced by more simple, convenient, and inexpensive methods which may be used in the dental office or clinic, or in other settings by lay personnel. Such methods (Table) include the wooden spatula sampling technique (Kohler and Bratthall, 1979) , simplified cultural dip-slide tests for lactobacilli (Larmas, 1975) or MS (Alaluusua et al, 1984; Jordan et al, 1987) , a "strip mutans" test (Jensen and Bratthall, 1989) , and an adherence test for MS (Matsukubo et al., 1981; Newbrun et al, 1984) (for review, see Jordan, 1986) . Generally, these methods appear, somewhat surprisingly, to provide good agreement with conventional bacteriological methods.
USE OF CARIES-RISK PREDICTORS
One approach to optimize the use of microbiological predictors of caries risk would be the following: (1) Since caries increments can vary greatly among populations in different countries, country regions, or localities, current attack rates should be determined for each; (2) for each population, single microbial factors or combinations thereof should be studied as caries-risk predictors with optimal procedures for sampling, transport of samples, cultural methods (see Krichevsky and Krasse, 1986) , caries evaluation, and so on (the use of conventional laboratory procedures and experienced personnel in this phase is desirable); and (3) evaluation of the data obtained should allow for the selection of optimal screening and validation criteria, which may vary depending on the purpose of the test. A main focus of present-day caries-predictive tests is the identification of subjects with high caries risk, who often constitute only 10-20% of the subjects in populations with a low caries prevalence. Limited resources (financial, personnel, etc.) can then be targeted toward such subjects. Information about the size of the caries increment of such a group of subjects in relation to the increment of the total population would be desirable, as would the cost of caries prevention for such a group and its efficacy. The subjective value of having a sound instead of a filled tooth may also be considered. Finally, (4) the information obtained could then be used for caries-risk prediction in the dental office or in other settings. For this purpose, simplified but reliable sampling and cultural methods can be used. By and large, this approach reflects that pioneered in Sweden (Krasse, 1985; Nyman etal, 1984) .
For certain subjects, e.g., very young children without caries, counts of L and MS may be used as indicators for other caries-risk factors such as a high carbohydrate intake, as an adjunct to clinical examination and evaluation of personal history for caries risk, and as an aid in the determination of the need for individual preventive measures (oral hygiene, dietary advice, use of fluorides and other anti-bacterial agents, sealants). The same would apply to individuals with caries for whom such counts, in addition, could be used for the planning and monitoring of treatment (Krasse, 1985) . Overall, counts of L and MS as predictors of caries risk for individuals would appear to be of limited value. The use of such counts for groups of subjects shows greater promise; "sensitivity in the range of 0.60-0.75 with specificity values about 0.80 may be adequate to ensure reasonable 'case finding' in terms of high-increment children" (Bader et al, 1986) . The identification of highcaries-risk subjects may be useful not only for more economical caries-preventive measures but also for clinical trials for which groups with a large proportion of caries-inactive subjects are undesirable. Thus, for a group of 100 subjects with 20% highcaries-risk cases, a test with a positive predictive value of only 50% would permit the identification of 10 real cases by selection of only 20 subjects; instead, selection by random picking would require 50 subjects in order for the same number of real cases to be identified (see, for example, Lindquist et al, 1989a) .
The often less-than-desirable predictive values associated with counts of L and MS have been co-responsible for the search for additional caries-risk predictors. Such predictors include the presence of incipient lesions or past caries experience (Alaluusua et al., 1990; Klock and Krasse, 1979; Klock et al., 1989; Pienihakkinen, 1987; Russell et al., 1990 Russell et al., ,1991 Wilson and Ashley, 1989) , salivary buffering capacity (Alaluusua et VOL. 7(2) MICROBIOLOGICAL FACTORS AND CARIES PREDICTION 93 aL, 1990; Honkalaef a/., 1984; Pienihakkinen, 1987; Russell etaU 1990 Russell etaU ,1991 Sullivan, 1990; Wilson and Ashley, 1989) , salivary flow rate (Crossner, 1981; Honkala etai, 1984; Klock andKrasse, 1979; KlocketaL, 1989 KlocketaL, ,1990 Russell et aL, 1990; Sullivan, 1990) , and yeasts (Crossner, 1981; Pienihakkinen, 1987 Pienihakkinen, , 1988 Russell et aL, 1990 Russell et aL, , 1991 (for earlier studies of these factors, see Krasse, 1988 Krasse, , 1990 . Generally, the use of multivariate approaches appears to be a promising one for improving the prediction of caries risk for individuals as well as for groups of subjects.
SUMMARY
Numerous efforts have been made during the past 50 years or more to use oral bacteria or their products for the prediction of human dental caries risk. At present, a main focus is on counts of lactobacilli and mutans streptococci in oral samples (mostly saliva). The evidence suggests that for caries-risk prediction for individuals, the use of the oral population levels of these organisms is of minimal value; it appears to be of some promise, however, for the identification of particular groups of subjects (e.g., high-caries-risk subjects). The prediction of low caries risk appears to be more reliable than that of high caries risk. Considerable effort is aimed at the development of, it is hoped, more accurate multivariate approaches involving a combination of bacterial and nonbacterial parameters. Simplified inexpensive methods are also being developed for the evaluation of caries risk in the clinic or other non-laboratory settings.
